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INTRODUCTION
Silicon (Si) is an important element in ocean eco -
logy and biogeochemistry. One of its dissolved forms,
silicic acid (DSi), is consumed by a variety of marine
organisms such as radiolarians, diatoms, silicoflagel-
lates, choanoflagellates, testate amoebae, cyanobac-
teria, sponges, and seagrasses (e.g. Armstrong 1965,
DeMaster 2003). The consumed DSi is generally used
to produce biogenic silica (BSi), an amorphous glass-
like substance often used as skeletal material. Dia -
toms are one of the most relevant Si consumers and,
in turn, are one of the ocean’s most important pri-
mary producers (Nelson et al. 1995, Tréguer et al.
1995). Therefore, it can be said that the DSi availabil-
ity for biological consumption is a major factor in the
control of ocean primary productivity. Because of the
important implications of DSi availability and its bio-
logical utilization, there is an enormous interest in
modeling the biological consumption of DSi in the
marine environment, at both regional and global
scales. For practical and historical reasons, all avail-
able global models are based exclusively on the
properties of DSi utilization by diatoms, which are
the most abundant users (Harriss 1966, Burton & Liss
1968, Calvert 1968, Nelson et al. 1995, Tréguer et al.
1995, Ragueneau et al. 2000, Laruelle et al. 2009b).
However, there are a growing number of studies sug-
gesting that sponges are also relevant Si users (Rütz -
ler & Macintyre 1978, Conley & Schelske 1993, Mal-
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ABSTRACT: Awareness that sponges are relevant silicic acid (DSi) users is growing; however,
understanding how their DSi consumption kinetics perform is still limited. We investigated the
effects that seasonal changes in a temperate ecosystem (Bay of Brest, France) have on the DSi con-
sumption of 2 dominant sponge species: Hymeniacidon perlevis and Tethya citrina. The results
indicated that while both species increased their rate of DSi utilization with DSi availability follow-
ing saturable Michaelis-Menten kinetics, only the kinetics of T. citrina shifted seasonally. This
species consumed DSi at a higher rate in autumn than in summer. Surprisingly, the increase in DSi
utilization did not involve an increase in net affinity for DSi but rather augmentation of both the
half-saturation concentration and the maximum velocity of transport characterizing the kinetics.
By quantifying the biomass of the 2 sponge species in the bay and the monthly availability of DSi
over an annual cycle, a yearly DSi consumption of 2.50 ± 3.21 × 106 mol Si was calculated for their
populations. The oversight of the seasonal kinetic change would introduce inaccuracies of 10%
into the global DSi consumption budget of the bay. Because the seasonal kinetic differences
increased enormously with increasing DSi availability, the relevance of the kinetic shift into the
budgets could increase to >30% for sponge assemblages other than those in the bay whenever
they are characterized by higher DSi availability, as is typically occurring at high latitudes and in
the deep sea.
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donado et al. 2005, 2011, 2012, Tréguer & De La
Rocha 2013). Although they should also be incorpo-
rated into the modeling process, there is still very
 little known about the kinetics of DSi consumption by
sponges. These kinetics have been characterized
only for a handful of temperate shallow-water demo-
sponges (Reincke & Barthel 1997, Maldonado et al.
2011, López-Acosta et al. 2016, 2018). However, no
assessment has been made to understand how the
large seasonal changes in nutrient and food avail-
ability characterizing temperate latitudes affect the
patterns of DSi consumption by sponges.
It has long been determined that the seasonal vari-
ability in some environmental factors (e.g. inorganic
nutrient ratios, seawater temperature, salinity, oxy-
gen distribution) triggers drastic changes in the per-
formance of diatoms, which may increase or de -
crease their rates of DSi utilization by orders of
magnitude in response to those changes (Brzezinski
et al. 2008, Hoffmann et al. 2008, Javaheri et al.
2015). Through evolution, sponges are expected to
have also evolved their physiology to adapt to the
seasonal environmental changes. However, it re -
mains uninvestigated to date whether such seasonal
changes actually affect DSi consumption and what
the magnitude of such changes, if any, could be. A
better understanding of DSi consumption by sponges
and the main factors that control the consumption
process is required if we are ever to quantify in detail
the role of siliceous sponges in the benthic−pelagic
coupling of Si cycling at either the regional or global
scale.
By combining laboratory experiments and field ob -
servations, the present study is, to our knowledge,
the first to investigate how seasonality affects the DSi
consumption kinetics of temperate sponges and to
quantify what the implications are in their natural
populations at the ecosystem level.
MATERIALS AND METHODS
The Bay of Brest as a study case ecosystem
The Bay of Brest (France; 48.31°N, 4.44°W) is a
semi-enclosed marine water body, with an extension
of 167.23 km2 (estuaries and harbors excluded), a
mean depth of 8 m, and a maximum depth of 45 m. It
is connected to the North Atlantic Ocean through a
1.8 km wide strait, which channels the tidal flow in
and out, favoring macrotides of up to 8 m tidal ampli-
tude. In such a macrotidal system, nearly the entire
water mass of the bay is replaced daily (Laruelle et
al. 2009a). The bay receives the inflow of 2 rivers that
supply important loads of dissolved nutrients and
particulate matter with marked seasonal patterns.
The local winds are also known to mix most of the
vertical water column of the bay daily (Delmas &
Tréguer 1985).
The Bay of Brest has been the subject of numerous
ecological, biogeochemical, and physical studies and
is currently one of the best-known coastal ecosys-
tems in France, in both structure and functioning (Le
Pape et al. 1996, Ragueneau et al. 1996, Del Amo et
al. 1997a,b, Chauvaud et al. 2000). Several seawater
column parameters of the bay have been monitored
weekly at 1 m depth for decades, and those data are
publicly available throughout the Service d’Observa-
tion en Milieu Littoral (SOMLIT-Brest: http://somlit-
db.epoc.u-bordeaux1.fr/bdd.php). In Fig. 1, monthly
averages (mean ± SD) of several basic environmental
parameters of the bay are summarized for the last
decade (2007−2016): seawater temperature, oxygen
concentration, chl a, particulate organic carbon
(POC), DSi, nitrate, nitrite, ammonium, and phos-
phate. The system clearly shows a seasonal decrease
of all nutrients and oxygen from April to August−
September. Such a decrease starts with the typical
spring bloom of phytoplankton (chl a) and is coinci-
dental with the seasonal rise in seawater tempera-
ture. From late September to April, nutrients and
oxygen increase coincidentally with decreasing sea-
water temperature. Average values of chl a also
decrease slowly from September until the next spring
bloom. POC, which may be used as a gross indicator
of food availability for sponges, remains relatively
unaltered over the annual cycle. In agreement with
previous studies (Quéguiner & Tréguer 1984, Chau-
vaud et al. 2000), these general trends illustrate that
at least 2 distinct environmental and ecological peri-
ods occur in the system: (1) spring−summer (April−
September), characterized by progressive increase of
temperature and consumption of nutrients and oxy-
gen in the water column; and (2) autumn−winter
(October−March), characterized by gradual nutrient
and oxygen replenishment and decrease in water
temperature and primary productivity.
The Bay of Brest also hosts a rich benthic assem-
blage of macroalgae and macroinvertebrates, with
an abundance of siliceous sponges. The sponge as -
semblage was recently described and quantified
across the 6 habitat-like benthic compartments rec-
ognizable in the bay (López-Acosta et al. 2018). A
total of 45 siliceous sponge species were identified
and quantified, representing an average biomass of
250 ± 344 ml m−2. Two species, Hymeniacidon per-
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levis (Montagu, 1814) and Tethya citrina Sarà & Mel-
one, 1965, were dominant in biomass (99.94 ± 122.20
and 32.67 ± 45.07 ml m−2, respectively), accounting
collectively for 53.1% of the sponge standing stock of
the bay (López-Acosta et al. 2018).
Those 2 dominant sponge species were selected for
the present study in order to examine both the effects
of seasonality on their DSi consumption kinetics and
the implications of those effects at the population
level in the bay.
Experimental setup
To assess whether the factor season has an effect
on how H. perlevis and T. citrina consume DSi, we
investigated their DSi utilization in summer (July
2015), when natural DSi availability is low, and in
autumn (October−November 2016), when DSi re -
plenishment starts. The underlying hypothesis is that
through evolution, the sponges may have adapted
their physiology (e.g. skeletal growth) to process DSi
113
Fig. 1. Monthly averages (±SD) of temperature, oxygen concentration, chl a, particulate organic carbon (POC), silicate,
 phosphate, nitrate, nitrite, and ammonium in the Bay of Brest (SOMLIT-Brest station: 48.359°N, 4.552°W; 1 m depth) over 
an annual cycle. Monthly averages result from weekly measurements taken over a decade (2007−2016)
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with more avidity (i.e. transport affinity) at the time of
the year when its natural availability starts increas-
ing. Because the silicification process in sponges is
mediated by enzymes (Shimizu et al. 1998, Krasko et
al. 2000), such a change in the affinity of the sponges
by the substrate (DSi) may have a profound impact
on the kinetics of DSi consumption. Also, these 2
sponge species show a contrasting level of skele-
tonization, with the siliceous skeleton of H. perlevis
representing about 45 ± 4% of the dry weight of the
individuals and that of T. citrina about 63 ± 5%
(López-Acosta et al. 2016). Such skeletal differences
suggest that both species may also differ in their spe-
cific needs for DSi when building their respective
skeletons.
Following the methodology detailed in López-
Acosta et al. (2016), we conducted 2 experiments
(one in summer, the other in autumn) for characteriz-
ing the respective kinetics of DSi consumption. In
each experiment, DSi consumption was investigated
in 9 individuals of H. perlevis and 8 of T. citrina,
along with a set of 6 controls (see next paragraph).
During the experiments, each sponge was placed
into an aquarium filled with 2.78 ± 0.12 l of 1 µm fil-
tered seawater from the Bay of Brest and incubated
for a succession of 72 h periods under increasing
DSi concentrations. The experiments started with
DSi concentrations of 2 µM in summer and 4 µM in
autumn, which corresponded to the field values at
the onset of the experiment. Concentrations were
then progressively increased to 75, 150, 200, and
250 µM in both experiments (see Supplement 1 at
www. int-res. com/ articles/ suppl/ m605 p111 _ supp. pdf
for slight deviations between intended and assayed
DSi concentrations in each experiment). To deter-
mine DSi utilization during every 72 h incubation,
each aquarium was sampled at the beginning and
end of each incubation period by collecting 20 ml of
seawater with plastic syringes. Consumption of DSi
by each sponge at a given DSi concentration step
was inferred from the difference in DSi concentration
between the beginning and end of the incubation
period, after correcting by the average concentration
changes that occurred in the control aquaria, which
consistently were nearly zero. The controls consisted
of 3 aquaria that were filled with only seawater and 3
other aquaria that were each filled with seawater and
a piece of maërl similar to that often used by sponges
as substrate.
Water samples for determining DSi concentration
were filtered with 0.22 µm pore size polycarbonate
syringe filters (Millex-GS, Millipore) and stored in
the refrigerator for only 1 to 4 d prior to analysis. The
seawater samples from the initial and final times of
each incubation were always analyzed in a single
batch to minimize methodological variability. DSi
determination was carried out by spectrophotometric
analysis following the standard colorimetric method
(Strickland & Parsons 1972), with a determination
precision of 5%. Samples from DSi concentrations
higher than 30 µM were diluted prior to analysis.
Immediately after each experiment, we measured
several morphometric parameters of the assayed
individuals — volume (ml), wet weight (g), constant
dry weight (g), and ash-free weight (g) — which
served for normalizing DSi consumption rates. Pref-
erentially, DSi consumption was normalized by vol-
ume of seawater in the aquarium (l), time unit (h),
and volume of the assayed sponge (ml). Normaliza-
tion by sponge volume was preferred because it facil-
itates future extrapolation to field sponge popula-
tions without the need for conducting destructive
sampling by just measuring the sponges in vivo
through rulers or photogrammetically (Abdo et al.
2006, Maldonado et al. 2010).
Irrespective of normalizing DSi consumption by
morphometric parameters, for each species, we in -
tended the body size range of the assayed individuals
for each season to differ minimally. In both seasons,
the individuals of H. perlevis ranged similarly in vol-
ume from 1.5 to 16.5 ml and those of T. citrina from
2.8 to 16 ml. The selected size ranges for these spe-
cies represent the small and mean portions of their
natural body size range. Very large individuals of
both species were deliberately excluded because of
logistic constraints for optimal maintenance of such
large animals in the relatively small aquaria required
for the experiments (see Supplement 2 at www. int-
res. com/ articles/ suppl/ m605 p111 _ supp. pdf).
Testing for seasonality in DSi consumption
Recent investigations in H. perlevis and T. citrina
reported that DSi consumption kinetics fit a Michaelis-
Menten function (López-Acosta et al. 2016). Conse-
quently, we used non-linear goodness of fit analysis
to model the DSi consumption rate as a function of
increasing DSi availability to the sponges. To exam-
ine the effect of seasonality on the DSi consumption
rates for each species, we carried out 3 complemen-
tary statistical approaches. In the first approach, we
used a 2-factor design because the experiment in -
volved determination of DSi consumption rates as a
function of both the season of the year (summer ver-
sus autumn) and the availability of DSi (3, 75, 150,
114
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200, and 250 µM DSi). For each season, the same
sponges were exposed to increasing DSi concentra-
tions throughout the experiment, but the individuals
as sayed in July’s experiment were different from
those used in October−November. Therefore, the 2-
factor design involves a component of repeated
measures nested within the factor season. Because
consumption rates of both species failed the normal-
ity test (Shapiro-Wilks test) and transformations were
un able to modify that condition, we approached the
2-way repeated measurement test by using the
ANOVA-type statistic (ATS) (Brunner et al. 2002)
separately for each sponge species. Untransformed
DSi consumption rate data were analyzed by the ATS
test using the package nparLD (Noguchi et al. 2012)
in R version 3.4.2 (Supplement 3 at www. int-res. com/
articles/ suppl/ m605 p111_ supp.pdf). A posteriori pair -
wise comparisons based on Brunner-Munzel tests
(Brunner & Munzel 2000) were run using the pack-
age lawstat in R version 3.4.2 (Supplement 3).
In the second approach, we evaluated between-
season differences in the total DSi consumption accu-
mulated by each sponge species during the entire
experiment (15 d). Between-season differences in the
mean DSi consumed were examined separately for
each species using a t-test on untransformed normal -
ly distributed data. In the third approach, we exam-
ined differences between the kinetic parameters that
govern the model equations describing DSi con-
sumption in summer and autumn for each species.
We first estimated the Michaelis-Menten model for
each assayed individual, obtaining the maximum
velocity of transport (Vmax) and half-saturation con-
stant (Km) for each individual of each species during
each season. We then examined, separately for each
species, be tween-season differences in the average
values of Km and Vmax parameters using the t-test on
untransformed data, if they were normal and homo -
scedastic. When data did not meet either normality
(Shapiro-Wilks test) or homoscedasticity (Brown-
Forsythe test), the non-parametric Mann-Whitney U-
test was conducted to examine the significance of
between-season differences in the mean values.
Between-individual variability
In previous studies on DSi utilization by sponges,
body size was identified as a source of between-indi-
vidual variability in the DSi utilization rate (Maldo -
nado et al. 2011, López-Acosta et al. 2016). There-
fore, we used regression analysis to examine the
relationship between the body size (in ml) of an in -
dividual and the Vmax that it achieved during the
experiment (irrespective of the DSi concentration
step at which that Vmax was achieved). For this
regression, we considered a total of 34 individuals of
H. perlevis and 33 of T. citrina. This set of individuals
consisted of all the individuals (18 of H. perlevis and
16 of T. citrina) used to determine DSi consumption
kinetics along with an additional 16 and 17 individu-
als of H. perlevis and T. citrina, respectively, which
were similarly exposed to increasing DSi concen -
trations. The addition of these new individuals was
considered necessary to appropriately investigate
between-individual variability, since it allowed for a
wider range in body size, i.e. a range more similar to
the one occurring in the natural population. For both
species, the body size of the assayed individuals
ranged from 1 to 30 ml in volume. Because in T. cit-
rina the reproductive status had also been identified
as a source of between-individual variability in DSi
consumption responses (López-Acosta et al. 2016), a
discrimination between asexually reproductive and
non-reproductive individuals was made in the re -
gression analyses and the potential effects of this
condition examined.
DSi consumption in wild populations
To estimate daily and yearly rates of DSi consump-
tion in the bay by the natural populations of H. per-
levis and T. citrina, 3 sources of data were used: (1)
the natural variability of DSi concentrations in the
Bay of Brest over the last decade (2007−2016; Fig. 1),
which was averaged monthly over an ideal annual
cycle; (2) the mean abundance (ml m−2) of the selec -
ted species (H. perlevis, 99.94 ± 122.20 ml m−2; T. ci -
trina, 32.67 ± 45.07 ml m−2) in the natural populations
(López-Acosta et al. 2018); and (3) the herein-deter-
mined between-season differences in the kinetics of
DSi consumption by the 2 concerned species. The
consumption of DSi by the biomass of each species
was calculated as a function of the monthly change in
DSi concentration in the seawater, also incorporating
the corresponding species-specific kinetic shifts.
RESULTS
DSi consumption kinetics
The 2 sponge species reacted similarly to the in -
crease in DSi availability in both seasons: the mean
rate of DSi consumption rose with increasing DSi
115
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availability until reaching a certain saturating con-
centration (Fig. 2). When these responses were mod-
eled mathematically, the best significant model
retrieved by goodness of fit for both sponges in the
2 seasons was consistently a saturable Michaelis-
Menten model (Fig. 3). Both the experimental data
and the models suggested that the consumption rates
rise with increasing DSi availability until concentra-
tions of 150 to 200 µM DSi, values at which DSi con-
sumption by the sponges appeared to reach satura-
tion (Fig. 2). These saturating DSi concentrations are
1 to 2 orders of magnitude higher than those natu-
rally occurring in the sponge habitats over the annual
cycle (Fig. 1C). Consequently, the skeletal growth of
the 2 assayed species can be said to be chronically
limited by a natural shortage of DSi.
Although both species followed the same general
kinetic model in the 2 seasons (Fig. 3), all 4 resulting
kinetics did not always have similar values for their
kinetic parameters, i.e. the maximum velocity of
transport (Vmax) and the half-saturation constant (Km).
The Vmax characterizing the kinetic models of Hy me -
niacidon perlevis in summer and autumn were rela-
tively similar (0.131 ± 0.018 and 0.142 ± 0.017 µmol
Si h−1 ml−1 sponge, respectively), suggesting that
 seasonal differences, if any, must be small. In con-
trast, in Tethya citrina, the Vmax in autumn (0.429 ±
0.101 µmol Si h−1 ml−1 sponge) was more than twice
that in summer (0.206 ± 0.020 µmol Si h−1 ml−1
sponge; Fig. 3A,B), suggesting seasonal effects. The
inspection of Km indicated values that were about 2
times larger in autumn than in summer for both spe-
cies (Fig. 3A,B). Whether these numerical differences
in the parameters involve statistically significant dif-
ferences in the kinetics of DSi utilization will be
addressed in the next section.
Seasonal variability in DSi consumption
The results of statistical approach 1 for each
sponge species, based on a bifactorial ATS, are sum-
marized in Fig. 2 and Table 1. For T. citrina (Fig. 2A),
the factor season was found to have a significant
effect on consumption rates, with sponges consum-
ing DSi at an average rate that was 99.5 ± 87.1%
higher in autumn than in summer, when all DSi con-
centration steps for each season were pooled. The
factor DSi availability also had a significant effect,
increasing DSi consumption with increasing DSi
availability up to a threshold concentration (Fig. 2A,
Table 1). The a posteriori tests confirmed that such a
DSi saturating threshold was the 150 µM step
(Fig. 2A). The ATS also detected a significant inter -
action between the 2 main factors (Table 1). The a
posteriori pairwise comparisons revealed that the
interaction was because DSi consumption rates were
significantly larger in autumn than in summer at all
the investigated DSi concentrations, but at the 75 µM
step (Fig. 2A). For H. perlevis, the ATS statistic
revealed that only the factor DSi availability had a
significant effect on consumption rate, and the pair-
wise a posteriori tests indicated that the consumption
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Fig. 2. Average (±SD) silicic acid (DSi) consumption rates
measured as a function of DSi availability during summer
and autumn experiments in (A) Tethya citrina and (B) Hy-
meniacidon perlevis. In the right upper corner of each
graph, the levels of the significant factors following an
ANOVA-type statistic bifactorial test are given. Levels are
ordered from left to right by increasing magnitude of their
average value. Levels of a factor underlined by the same line
are not significantly different from each other. The statistical
significance of the pairwise tests examining differences in
the consumption rate between summer and autumn at each
DSi concentration step is indicated as follows: **p < 0.01;
***p < 0.001; n.s.: not significant; ?: rates below analytical 
detection
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rate increased with DSi availability up to a concen-
tration of 150 µM DSi (Table 1, Fig. 2B), in agreement
with the saturating threshold value identified for T.
citrina.
Statistical approach 2 revealed that the total
amount of DSi consumed by T. citrina during the 15 d
of the autumn experiment (78.29 ± 29.19 µmol Si
ml−1) was significantly higher than that of the sum-
mer experiment (47.57 ± 21.04 µmol Si ml−1; F = −2.4,
df = 14, p = 0.030). However, H. perlevis did not
show significant between-season differences (31.76
± 5.32 µmol Si ml−1 in autumn versus 25.18 ±
13.13 µmol Si ml−1 in summer; F = −1.4, df = 16, p =
0.183). Therefore, the results of these t-tests (ap -
proach 2) come into full agreement with those of the
ATS (approach 1), supporting a seasonal effect on
DSi utilization in T. citrina but not in H. perlevis.
Statistical approach 3 indicated that in T. citrina,
there were significant between-season differences in
both the Vmax (0.229 ± 0.102 µmol Si h−1 ml−1 in sum-
mer versus 0.464 ± 0.169 µmol Si h−1 ml−1 in autumn;
t = −3.4, df = 14, p = 0.005) and the Km parameters of
the kinetics (49.83 ± 34.97 µM in summer versus 98.56
± 51.44 µM in autumn; t = −2.2, df = 14, p = 0.044).
However, in H. perlevis, there was no significant be-
tween-season difference in either the Vmax (0.127 ±
0.091 µmol Si h−1 ml−1 in summer versus 0.145 ±
0.122 µmol Si h−1 ml−1 in autumn; U = 32, p = 0.480) or
the Km (77.07 ± 49.53 µM in summer versus 50.14 ±
36.36 µM in autumn; t = 1.3, df = 16, p = 0.207).
Together, the 3 statistical approaches fully agree in
concluding that seasonality significantly affects DSi
consumption in T. citrina but not in H. perlevis. Inter-
estingly, in T. citrina, the kinetic differences between
seasons increase with increasing DSi availability
(Fig. 3). Such a pattern is not trivial, because it means
that the implications of seasonal kinetic changes will
be minor for T. citrina populations established in
117
Factor Statistic df p-value
T. citrina
Season 7.2 1.0 0.007
DSi 105.3 2.0 <0.001
Season × DSi 4.4 2.0 0.012
H. perlevis
Season 3.6 1.0 0.058
DSi 55.1 2.6 <0.001
Season × DSi 0.4 2.6 0.698
Table 1. Summary of the 2-factor ANOVA-type statistic tests
analyzing differences in consumption rates as a function of
season and silicic acid (DSi) availability in Tethya citrina and 
Hymeniacidon perlevis
Fig. 3. Silicic acid (DSi) consumption kinetics estimated by
goodness of fit for the sponges Tethya citrina and Hymeni -
acidon perlevis during the experiments in (A) summer and
(B) autumn. In all 4 cases, consumption kinetics significantly
fit a saturable Michaelis-Menten model in the form DSi con-
sumption = Vmax × [DSi]/(Km + [DSi]), with the maximum ve-
locity of DSi transport (Vmax) and half-saturation (Km) values
of each equation given in the figure. The statistics of the
goodness of fit analyses for H. perlevis were r2 = 0.98, p =
0.001 in summer and r2 = 0.97, p = 0.002 in autumn. For T. cit-
rina, they were r2 = 0.98, p = 0.001 in summer and r2 = 0.95,
p = 0.006 in autumn. Solid and dashed lines refer to the re-
gression line and the 95% confidence band, respectively. (C)
Detail of both the summer and autumn DSi consumption ki-
netic models of T. citrina at the DSi concentrations occurring
in the Bay of Brest, i.e. 1 to 20 µM. The arrow indicates the
DSi concentration threshold (15 µM) at which summer and
autumn DSi consumption kinetic models intersect in T. citrina
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environments permanently characterized by low DSi
concentrations but of noticeable relevance in habi-
tats with DSi concentrations above 50 µM. At the DSi
concentrations that characterized the Bay of Brest
(0.01−15 µM DSi), the summer kinetics of T. citrina
resulted in DSi consumption rates that are slightly
higher than those that resulted from the autumn
kinetics (Fig. 3C). The opposite pattern is observed
when DSi concentration is higher than 15 µM
(Fig. 3C), the DSi level from which DSi consumption
rates in T. citrina are higher in autumn than in sum-
mer (Fig. 3). This result indicates that the species T.
citrina has mechanisms (still unknown) to in crease
consumption when DSi availability is ex tremely low,
as occurs in summer at the Bay of Brest (see Fig. 1).
Because between-season differences do not appear
to exist in H. perlevis, the global DSi consumption
kinetics for this species over the annual cycle was
better calculated by pooling the responses of all as -
sayed individuals in summer and autumn (n = 18).
The resulting kinetic equation (r2 = 0.92, p < 0.001),
characterized by a Vmax of 0.134 ± 0.018 µmol Si h−1
ml−1 and a Km of 45.30 ± 25.07 µM, is an equation line
(not depicted) that would lie in between the 2 sea-
sonal ones depicted in Fig. 3A,B.
Between-individual variability
When Si consumption responses of each assayed
individual were inspected, considerable between-
individual variability was noticed within each spe-
cies (Fig. 4), being consistently of larger magnitude
in T. citrina (Fig. 4A,B) than in H. perlevis (Fig. 4C,D).
Although the range of inter-individual variability in
DSi consumption over the entire course of these
experiments is difficult to measure comparatively,
some analyses were attempted. For those, we exam-
ined differences in the maximum rate of DSi con-
sumption (i.e. empirical Vmax) reached by the individ-
uals during an experiment, irrespective of the DSi
concentration step at which such Vmax was attained.
For instance, in T. citrina in summer (Fig. 4A), the
individuals spanned a range in the rate of maximum
DSi consumption that varied from 0.121 µmol Si h−1
ml−1 (achieved by Ind. 4 at 200 µM DSi) to 0.387 µmol
Si h−1 ml−1 (achieved by Ind. 6 at 150 µM DSi). In
autumn (Fig. 4B), they ranged from 0.190 µmol Si h−1
ml−1 (achieved by Ind. 4 at 200 µM DSi) to 0.577 µmol
Si h−1 ml−1 (achieved by Ind. 7 at 200 µM DSi). In
summary, although Vmax values were consistently
higher in autumn than in summer in T. citrina, the
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Fig. 4. Consumption rates as a function of silicic acid (DSi) concentration of each assayed individual of (A,B) Tethya citrina
and (C,D) Hymeniacidon perlevis during (A,C) summer and (B,D) autumn experiments
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range of between-individual variability was similar
across seasons, the largest values being around 3-
fold higher than the lowest ones, irrespective of sea-
son. Unlike in T. citri na, the range of DSi consump-
tion rate in H. perlevis appeared to be higher in
summer (Fig. 4C) than in autumn (Fig. 4D). In this
case, the range spanned between the lowest and the
highest values of Vmax in summer (0.044 and
0.229 µmol Si h−1 ml−1 achieved by Inds. 2 and 1,
respectively, at the 250 µM DSi step) was more than
2-fold that re corded in autumn (0.082 and 0.159 µmol
Si h−1 ml−1 by Inds. 7 and 1 at 150 and 250 µM DSi,
respectively).
The regression analyses indicated that part of this
variability in the normalized consumption rate is due
to size differences between the individuals (Fig. 5). A
significant — though weak — inverted, non-linear re -
lation ship was found between sponge size (in ml) and
the maximum velocity of DSi consumption (Vmax, i.e.
the maximum velocity of DSi transport empirically
determined, which has been achieved at saturating
DSi concentrations) in both T. citrina (n = 33, r2 =
0.24, p = 0.004; Fig. 5A) and H. perlevis (n = 34, r2 =
0.12, p = 0.040; Fig. 5B). Typically, the highest Vmax
was achieved by the smallest individuals. This pat-
tern was not surprising because the smaller an indi-
vidual, the more incomplete its skeletal growth and,
therefore, the greater its DSi needs to complete the
siliceous skeleton.
In the species T. citrina, the individuals that were
budding asexually were also the biggest sponges
(Fig. 5A); therefore, size and asexual reproduction
became confounding factors, and the significance of
the latter in the DSi consumption process, if any, was
unable to emerge clearly from our approach.
DSi consumption in wild populations
At the Bay of Brest (France), both H. perlevis and T.
citrina are abundant species, with an average bio-
mass of 99.94 ± 122.20 and 32.67 ± 45.07 ml m−2,
respectively. The decadal trend in DSi concentration
in the bay indicates large monthly shifts (Fig. 1),
ranging from average minima of 1.2 ± 0.8 µM (in
June) to average maxima of 9.1 ± 2.4 µM (in Febru-
ary). However, there may be transient weekly peaks
of up to 20 µM from December to February, depend-
ing on year. Our kinetic models indicate that these
changes impact monthly DSi utilization rates by both
sponges, but more on T. citrina. The effects of ac -
commodating not only the monthly shifts in DSi
availability but also the seasonal kinetic shift in DSi
consumption detected for T. citrina are summarized
in Fig. 6.
Our kinetic modelling predicts that in February,
when DSi availability is at a maximum, both sponges
show their highest DSi consumption rate (53.65 ±
65.60 µmol Si m−2 d−1 in H. perlevis and 35.54 ±
49.03 µmol Si m−2 d−1 in T. citrina; Fig. 6). However,
when DSi concentration decreases to its annual min-
imum in June, H. perlevis and T. citrina are predicted
to consume DSi at a rate about 6 times lower (8.24 ±
10.08 and 6.47 ± 8.92 µmol Si m−2 d−1, respectively)
than that in February (Fig. 6). By considering the
monthly shifts in DSi availability and the seasonal
kinetic adaptation uncovered in T. citrina, we have
estimated that the populations of H. perlevis and T.
citrina consume annually 1.48 ± 1.81 and 1.01 ±
1.40 × 106 mol Si, respectively. Collectively, they total
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Fig. 5. Relationship between sponge size and maximum sili-
cic acid (DSi) consumption rate calculated for a set of (A) 33
Tethya citrina individuals and (B) 34 Hymeniacidon perlevis
individuals. The size range spanned by the assayed individ-
uals is representative of that occurring in the wild popula-
tion. In T. citrina (A), those individuals that were engaged in
the production of buds for asexual reproduction are indi-
cated by inverted triangles. Dotted and dashed lines refer to
the 95% confidence band and the 95% prediction band of 
the regression equations, respectively
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2.50 ± 3.21 × 106 mol Si. This DSi utilization had
never been considered before at the local Si budget
of the bay (e.g. Ragueneau et al. 2005).
It remains unknown how many species of the bay
experience seasonal changes in their DSi consump-
tion kinetics (as in T. citrina) and how many do not
(as in H. perlevis). If many species are affected sea-
sonally, their collective effect on the global Si budget
of the bay can be substantial. For instance, by ne -
glecting the seasonal shift in the kinetics of T. citrina
and considering only the autumn response for the
calculations, we would be underestimating the Si
consumed by the population in the bay in about 5.1%
(0.05 × 106 mol Si yr−1). In contrast, by considering
only the summer kinetics, we would be overestimat-
ing DSi utilization by the population in 9.2% (0.09 ×
106 mol Si yr−1).
Another aspect worth mentioning is that the
divergence between the summer and autumn mod-
els in T. citrina shown in Fig. 3 reveals that the
impact of the seasonal differences would become
greater when the environmental DSi availability
rises higher than 30 µM. This is not expected to
have many consequences in the Bay of Brest, since
DSi would rarely peak over 25 µM and only for a
few days a year, if at all. However, if similar kinetic
shifts occur in species inhabiting DSi-rich environ-
ments, their effects on the local budget could be
substantial (see ‘Discussion’).
DISCUSSION
The DSi consumption kinetics of Hymeniacidon
perlevis and Tethya citrina fit a saturable Michaelis-
Menten model irrespective of the season (Fig. 3). This
pattern is consistent with that shown by all in -
vestigated sponges to date. Saturation of the DSi con-
sumption system was identified to occur at DSi con-
centrations of about 150 µM, a value also consistent
with all previous kinetic studies in sponges (Reincke
& Barthel 1997, Maldonado et al. 2011, López-Acosta
et al. 2016, 2018). Because the natural availability of
DSi in the sponge habitat (Fig. 1) is 2 orders of magni -
tude below 150 µM, these sponges can never achieve
their maximum velocity for DSi utilization. Conse-
quently, their skeletal growth is chronically limited
by low availability of DSi in their habitats. A similar
kinetic limitation has also been found in all sponges
previously assayed (Reincke & Barthel 1997, Maldon-
ado et al. 2011, López-Acosta et al. 2016, 2018) and its
consequences for the skeletal growth empirically
demonstrated in one case (Maldonado et al. 1999).
Our results also revealed important between-indi-
vidual variability in DSi consumption rates in both H.
perlevis and T. citrina (Fig. 4). Irrespective of the sea-
son, the smaller specimens were consuming DSi at
higher rates (about 3 times on average) than the big-
ger ones. Yet, sponge size was responsible for only 12
and 24% of the between-individual differences in
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Fig. 6. Monthly averages (±SD) of silicic acid (DSi) consumption rate by the population of Hymeniacidon  perlevis and Tethya
citrina in the Bay of Brest over an annual cycle. Monthly averages (±SD) of DSi availability in the water of the bay are also 
indicated. Only positive standard deviations are depicted
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DSi consumption rates in H. perlevis and T. citrina,
respectively (Fig. 5).
The statistical approaches made clear that of the 2
assayed sponges, only 1, T. citrina, experiences sea-
sonal kinetic changes in DSi utilization. In autumn,
this sponge consumed DSi at rates 99.5 ± 87.1%
higher than in summer (Table 1, Fig. 2). These differ-
ences are, in part, explained by the availability of DSi
increasing in autumn but more importantly because
the values of the Km and Vmax parameters in the DSi
consumption kinetics of this species also increase in
autumn. This is the first time that such a kinetic sea-
sonal change is demonstrated for Si users other than
diatoms. The kinetic change is probably an adapta-
tion to favor skeletal growth during those periods of
the year when the natural availability of DSi is
greater and enough food for the sponges still occurs
in the water column. The seasonal change in temper-
ature is not expected to be co-responsible for the sea-
sonal shift in DSi consumption kinetics found in T.
citrina. In the only study addressing the potential
effects of temperature change on the DSi consump-
tion rate of sponges, a non-significant effect was re -
vealed, despite the fact that the sponge (Halichon-
dria panicea) was exposed to the 2 extremes (5 and
20°C) of the natural temperature range experienced
by the populations over the annual cycle (Frøhlich &
Barthel 1997).
The affinity for DSi is mathematically defined as
the Vmax/Km quotient of the Michaelis-Menten
parameters (Healey 1980). Interestingly, although
the utilization of DSi by sponges is a process medi-
ated by enzymes (Shimizu et al. 1998, Krasko et al.
2000), the seasonal kinetic change in T. citrina did
not involve a substantial change in its affinity for DSi
(i.e. the putative substrate of the enzymes). It was
surprising that the affinity for DSi was slightly higher
in summer (7.2 × 10−3 µmol Si h−1 ml−1 µM−1) than
in autumn (5.6 × 10−3 µmol Si h−1 ml−1 µM−1). It may
be that an increase in affinity is stimulated by a
decrease in DSi availability, so that it can compen-
sate the lowering in DSi concentration. According to
our data, the increase in utilization rate appears to be
achieved by increasing both Km and Vmax.
The finding that at least some siliceous sponges
show seasonal kinetic changes in their utilization of
DSi has several implications. First, the seasonal effect
is to be considered in future Si budgets involving DSi
utilization by sponges. Second, the importance of the
effects will be dependent on the number of sponge
species in the benthic assemblages responding to
seasonality. Such knowledge can only be achieved
by conducting further seasonal experiments on a
greater number of species. Third, the divergence
between the kinetic models in the 2 assayed seasons
increased when DSi availability rose to about 30 µM,
attaining drastic differences over 50 µM (Fig. 3). If a
similar kinetic shift is affecting at least some common
sponge species from high latitudes and deep sea
habitats, which are environments characterized by
very high DSi availability, the consequences for mod-
elling the budgets of DSi utilization in those popula-
tions may be enormous. For instance, plenty of direct
and indirect evidence indicates that dense sponge
aggregations established in the deep sea and on
Antarctic shelves react to periodic pulses of food and
dissolved nutrients entering those sponge habitats
(reviewed in Maldonado et al. 2017). A simulated cal-
culation hypothetically assuming that the siliceous
sponge assemblage on the Antarctic shelf (0.87 ×
106 km2) may have a seasonal kinetic shift similar to
the one detected in T. citrina can be attempted. On
the Antarctic continental shelf, the DSi availability
over an annual cycle ranges from mean minimum
values of about 50 µM to maxima of about 90 µM,
increasing even up to 130 µM in continental slope
habitats (Leynaert et al. 1993, Ducklow et al. 2012).
If, for this hypothetical calculation, we assume that
(1) the average DSi concentration from February to
September is about 60 µM and for the rest of the year
is about 75 µM; (2) the average density of siliceous
sponges on the Antarctic shelf is 1.27 kg wet weight
m−2 (Gutt et al. 2013), which by applying the morpho-
metric conversion parameters of T. citrina (volume:
wet weight ratio = 1.22 ml g−1) translates into an aver-
age volume of 1550 ml m−2; and (3) a seasonal kinetic
shift similar to the one measured for T. citrina may
affect the Antarctic sponge assemblage, we would
result in a global DSi consumption for the sponge
assemblage of about 1.69 Tmol Si yr−1 only on the
shelf and under the low-DSi summer conditions.
Under the high-DSi (autumn) kinetics, the estimated
consumption would rise to 2.32 Tmol Si yr−1, i.e. a
30% increase in relative terms and a huge amount
(0.63 Tmol Si) in absolute values. This simple simula-
tion illustrates the importance of achieving a better
understanding of the level at which the DSi con-
sumption kinetics may change over the annual cycle
for dominant species in sponge grounds of high lati-
tudes, the deep sea, and any other habitat with
marked periodic shifts in DSi availability.
In the Bay of Brest, the populations of the 2 assayed
sponge species are responsible for the consumption
of 2.50 ± 3.21 × 106 mol Si yr−1 (i.e. about 70.13 ±
90.19 tons Si yr–1). This value increases the net BSi
production in the bay by about 3.2% yearly. The
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global DSi utilization in the bay had traditionally
been estimated considering only the contribution of
diatoms (77.76 × 106 mol Si yr−1) because no data on
sponges were available until a recent study by our
team, which tentatively estimated the assemblage of
siliceous sponges to account collectively for about 7
to 8% of the yearly DSi utilization in the bay (López-
Acosta et al. 2018). The present study now reveals
that (1) the local populations of T. citrina and H. per-
levis account for about 37% of the total sponge con-
tribution to the DSi utilization in the bay (6.75 ×
106 mol Si yr−1) and (2) to attain accurate estimates of
DSi consumption by sponges elsewhere, it is impor-
tant to understand the potential shifts in consumption
kinetics that may affect the species over the annual
cycle. Subsequent studies on DSi consumption kine -
tics by common sponge species are required if we are
to attain a more accurate quantification of the global
contribution of sponges to the utilization and cycling
of DSi in the ocean.
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